Time-Resolved Quasiparticle Dynamics in the Spin-Density- Wave State 
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Time-resolved photoinduced reflectivity is measured in the spin-density-wave (SDW) phase using 
itinerant antiferromagnets UMGas (M=Ni, Pt). For UNiGas [Tjv=85 K, Q=(7r,7r,7r)], the relaxation 
time r shows a sharp increase at Tat consistent with the opening of a SDW gap. For UPtGas 
[Tjv=26 K, <3=(0,0,7r)], no change in r is observed at Tjv or at the lowest temperatures. We 
attribute this to the absence of the SDW gap at the Fermi level, due to a different modulation 
vector Q, which leads to a gapless quasiparticle spectrum. Our results challenge the conventional 
wisdom that a SDW phase necessarily implies a SDW gap at the Fermi level. 



The quasiparticle (QP) dynamics of the spin-density- 
wave (SDW) phase is an important area of study, es- 
pecially in the cuprate high-temperature superconduc- 
tors (HTSC), where superconductivity and antiferromag- 
netism (AFM) could coexist, either in an applied mag- 
netic field 0, Q, or in zero field 0- In single-layered 
non-superconducting cuprates, where there is only a sin- 
gle layer of CuC>2 plane in the unit cell, AFM is necessar- 
ily G-type, where the nearest-neighbor spins in the Cu02 
plane are antiferromagnetically (AF)-aligned. However, 
in multi-layered cuprates, two types of AFM can occur 
on the Cu0 2 planes: (1) G-type AFM, or (2) A-type 
AFM, i.e. spins are ferromagetically (FM) aligned along 
each plane, but spins on adjacent planes are AF-aligned. 
Being able to elucidate the magnetic alignment of the 
spins in multi-layered cuprate HTSCs in the coexistence 
phase is crucial in narrowing down the starting point for 
a pairing theory in the HTSCs. It is therefore impor- 
tant to study the QP dynamics of pure SDW systems 
before proceeding to more complex coexistence phases in 
HTSCs. At present there have been no systematic mea- 
surements of the QP dynamics of the SDW phase, as a 
function of the type of AFM, where below Tjv, a SDW 
gap, i.e. a charge gap on the nested parts of the Fermi 
surface (FS), might open up. 

Usually, the SDW state in itinerant AFMs is probed 
by techniques such as resistivity, specific heat and neu- 
tron scattering. In resistivity and specific heat, a feature 
appearing at Tjv, such as a hump or peak, has been inter- 
preted as due to the formation of a SDW gap A$dw and 
the accompanyingpartial disappearance of the FS (See, 
for example, Ref. MSB)- However, it is not clear if the 
feature at T/v is due to an actual gap opening up in the 
DOS at the Fermi level [DOS(-E'jr)], or is merely due to 
a decrease in DOS(-Ef) without it vanishing. In elastic 
neutron scattering (ENS), the intensity of the neutron 
scattering peak Ins increases from zero below Tjv in a 
BCS-like manner, and is proportional to M 2 , where M is 
the staggered magnetization. In an itinerant AFM, Over- 
hauser 7\ derived M oc A$dw, yielding A$dw oc t/Ins- 
However, does the presence of a staggered magnetization 
always imply the presence of the gap in the DOS? Look- 



ing at this problem from another perspective, does the 
opening up of a gap depend on the type of AFM in the 
material? 

Ultrafast optical spectroscopy (UOS) has recently been 
used in the study of correlated electron materials. For 
example, in heavy fermions (HF) such as YbAgCu4 || 
and CeCoIns ||, time-resolved photoinduced reflectiv- 
ity measurements display a divergence of the electron- 
phonon (e-ph) relaxation time r at the lowest tempera- 
tures T. In materials with a gap in the QP spectrum such 
as HTSCs like YBCO 1 1 tlL llll and charge-density-wave 
materials like K0.3M0O3 [12j, t diverges near T c when 
a gap opens in the QP density of states (DOS). The T 
dependence of the relaxation time and peak amplitude 
has been explained by the phenomenological Rothwarf- 
Taylor (RT) model. This model describes the relaxation 
of photoexcited SCs , where the presence of a gap in 
the electronic DOS gives rise to a relaxation bottleneck 
for carrier relaxation, arising in SCs from the compe- 
tition between QP recombination and pair breaking by 
phonons (l4|. 

In this Letter, we investigate the QP response in the 
SDW state using UMGa 5 (M=Ni, Pt) as a model sys- 
tem. For UNiGas, the decay time of AR/R (directly 
related to r) increases sharply at Tn and shows a quasi- 
divergence below Tjf, consistent with the opening of a 
SDW gap. For UPtGas, however, there is no discernible 
change in r across Tjv and at the lowest T. We attribute 
this to the QP spectrum being gapless, which is the re- 
sult of the SDW modulation vector Q being different 
from that of UNiGas. Our technique thus enables us 
to distinguish the SDW state of two very similar ma- 
terials, one with a SDW gap (UNiGas), and the other 
without a SDW gap (UPtGas). We further substantiate 
our claim by performing a microscopic model calculation 
on a 3-dimensional (3D) cubic lattice in the SDW state, 
and show that the presence or absence of a SDW gap 
is intimately related to the value of Q of that particular 
material. Our results challenge the conventional wisdom 
that a SDW phase necessarily implies a SDW gap at the 
Fermi level. 

UMGa 5 (M=Ni, Pt) arc 5/ itinerant AFMs with 



2 



T/v«85 K (Ni) and 26 K (Pt), respectively. The AF 
phase in UNiGas is G-type, i.e. the nearest-neighbor 
spins are AF-aligned, with modulation vector (3=(7r,7r,7r) 
[ 1 5| . Contrast this with UPtGas, where the AF phase is 
A-type, i.e. the spins are FM-aligned in the ab plane 
and AF along the c axis, with Q=(0,0,7r) 15]. The elec- 
tronic specific heat coefficients 7 = 30 mJ/mol.K 2 (Ni), 
and 57 mJ/mol.K 2 (Pt), respectively 0,0]. The moder- 
ate values of 7 suggest that these materials are marginal 
HFs. 

Single crystals of UMGas were grown in Ga flux 0] , 
with dimensions ~1 x 1 x 0.4mm 3 . Specific heat mea- 
surements were performed in a Quantum Design PPMS 
from 2 K to 300 K to determine Tn ■ The shape of the 
specific heat anomaly at TV is similar for both materi- 
als. The photoinduced reflect ivitiy measurements were 
performed using a standard pump-probe technique |l7| . 
with a Tksapphire laser producing sub-100 fs pulses at 
approximately 800 nm (1.5 eV) as the source of both 
pump and probe optical pulses. The pump and probe 
pulses were cross-polarized. The experiments were per- 
formed with a pump fluence of <1.0 /zJ/cm 2 , yielding a 
photoexcited QP density n pe <0.05/unit cell. The probe 
intensity was ~25 times lower. Data were taken from 
10 K to 300 K. The photoinduced T rise at the lowest 
T was estimated to be ~10 K for UNiGas and ~6 K for 
UPtGa5 (accounted for in all data plots). 

In Figure ^ we show the time dependence of the pho- 
toinduced signal of UNiGas and UPtGas below and 
above TV. The time evolution of the photoinduced re- 
flection AR/R first shows a rapid rise time (of the or- 
der of the pump pulse duration) followed by a sub- 
sequent picosecond decay. These data can be fit us- 
ing a single exponential decay over the entire T range, 
AR/R = Aexp(-t/r). 

FigurcElshows the T dependence of the relaxation time 
t for UNiGas and UPtGas extracted from Fig. 2] For 
UNiGas (solid circles) r shows an abrupt increase near 
Tjv followed by a gradual increase at the lowest T. The 
QP dynamics of r has been explained by us in Ref. 
using the RT model, where the opening of the SDW gap, 
which is the charge gap that opens up along the nested 
regions of the Fermi surface (FS), leads to a relaxation 
bottleneck. In contrast, for UPtGas (open circles), there 
is no discernible change in r across TV or at the lowest 
T, implying that no SDW gap opens up in the AF phase. 
In fact, this T dependence is similar to what has been 
observed in conventional wide-band metals . 

We propose a theoretical model below to explain why 
a SDW gap opens up in UNiGas but not in UPtGas. 
We attribute the absence of a SDW gap to be a di- 
rect consequence of the value of the AF modulation vec- 
tor Q=(0,0,7r) in UPtGas, compared with (7r,7r,7r) in 
UNiGas. The model Hamiltonian for the SDW can be 
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FIG. 1: Transient reflection AR/R after photoexcitation by 
a 100- fs laser pulse above and below Tn, for (a) UNiGas, (b) 
UPtGa 5 . 
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FIG. 2: T dependence of relaxation time r for (solid circles) 
UNiGas, (o) UPtGas. Solid line: Fit of UNiGa 5 data using 
Rot hwarf- Taylor model, taken from Ref. llSl 
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FIG. 3: Calculated T-dependence of the order parameter 
Mq(T) for a 3D cubic lattice for Q=(-k,-k,-k) (solid circles), 
and Q=(0,0,7r) (solid squares). Experimental ENS intensity 
for (+) UPtGa 5 , and (x) UNiGa 5 , taken from Ref.[H 
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where c^^Cko-) is the creation (annhilation) operator of 
an electron having the wavenumber k and spin a. The 
first term represents the one-electron energy with disper- 
sion ek, which, for a 3D cubic lattice, is given by 



ek = — 2i(cos k x a + cos k y a + cos k z a) 



(2) 



where t is the overlap integral between the 5/ wavefunc- 
tions on neighboring sites, and a is the lattice spacing. 
The second term in TL denotes the on-site Coulomb in- 
teraction, with U being the on-site Coulomb energy, and 
N the number of lattice sites. 

We define the SDW order parameter Mq 

M ^7r5>Ui c kT>- (3) 

k 

Then, after performing unitary transformation, bilin- 
earization and diagonalization, we obtain the T depen- 
dence of Mq in the following self-consistent equation 



M Q 



- E 



-Mq [/(£+)- /(£_)] 



kerBZ I \/j( e k - £k+C}) 



M 2 Q 



(4) 



where / is the Fermi function, the k-points are taken 
from the reduced Brillioun Zone (rBZ), and E + and E_ 
are the two branches of the one-particle energy in the 
SDW state given by 



B±(k) 



(€ k + e k+Q )± x l^(e k -e k+Q ) 2 +M^. (5) 
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FIG. 4: Calculated T dependence of the DOS in the SDW 
state for (a) Q=(n ,ir ,7r) , and (b) Q=(0,0,7r). The curves A-G 
represents DOS calculated from the values of T and Mq(T) 
in Fig. E=0 is the Fermi level. 



Fig. shows the T dependence of Mq for Q=(7r,7r,7r) 
(solid circles) and (0,0, n) (solid squares). U 
for each case is chosen such that the ratio 
T 7V [Q=(0,0,7r)]/T A r[Q=(7r,7r,7r)] is -26/85. We see 
that the order parameter Mq{T) follows the BCS T 
dependence, as expected. Furthermore, this agrees with 
ENS results of UNiGa 5 and UPtGa 5 (shown as 
"+" and "x" in Fig. where the ENS intensity is a 
measure of the sublattice magnetization Mq . 

For UNiGa5, where Q=(7r,7T,7r), we obtain £k=— £k-Q 
from Eq.[21 and thus E + and E- are separated by a well- 
defined energy gap in all of k-space. Contrast this with 
UPtGa 5 , with Q=(0,0,7r) — here £k ^ — £k-Q, and thus 
E + and E- are no longer separated by a gap in all of 
k-space. 

To further strengthen our case, we calculate the DOS 
and its T dependence. It is given by 

^) = ir £ {f[E-E + M} + f[(E-E_(k)]} 

kerBZ 

(6) 

where /' = df(E)/dE accounts for thermal smearing, 
and the factor 2 accounts for spin degeneracy. Note that 
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in Eq.|Hl /' becomes the delta-function in the T=0 limit. 
The resulting DOS is shown in Fig. 0] where the let- 
ters A-G represents the calculated DOS based on the 
values of T and M Q (T) in Fig. El The Fermi level is 
located at E=0. For a Q—(tt,tt,tt) SDW material, il- 
lustrated in Fig. a well-defined energy gap develops 
below Tn , as evidenced by the sharp dips and coherence 
peaks appearing at ±Mq. With decreasing T, the dips 
approach zero, and the gaps are more well-defined due to 
less thermal smearing. For Q=(0,0,7r), however, though 
dips do appear below Tjv, the magnitude of the dips were 
very small (^10 -3 ), even near T=0. In the same scale 
as Fig. it is almost flat, i.e. energy-independent, as 
shown in the inset of Fig. QJj. We therefore conclude 
that in UNiGa 5 [Q=(W,7r,7r)], a well-defined energy gap 
forms near the Fermi level in the SDW phase, whereas in 
UPtGa5 [Q=(0,0,7r)], DOS is finite and almost constant 
below and above the Fermi level. This therefore agrees 
with our experimental results, where, in the SDW phase 
below Tjv, we see a charge gap opening up in UNiGas 
but not in UPtGas. 

Two pieces of experimental data might suggest the 
presence of a gap in the QP spectrum in UPtGas, in 
contradiction to our results. First, resistivity data p(T) 
P| showed a small hump at TV, similar to UNiGas 
which the authors attributed to an opening of a gap in the 
band structure and the partial disappearance of the FS. 
However, closer examination reveals that for UPtGa5, 
for both current directions [100] and [001], p did not in- 
crease upon entering the AF phase, unlike in UNiGas, 
where in the [001] direction, p increases just below TV, 
which is identical to the behavior of Cr upon entering the 
AF phase. The hump seen in UPtGas could be merely 
due to a slight decrease in the QP DOS below Tjf, as 
shown in our analysis in Fig. 0Jd, without actually form- 
ing a gap on the FS. We also emphasize that the low-T 
(T < T N ) p(T) data in Ref. yields a value of A that 
is not the SDW gap, but is rather the spin gap, i.e. a 
gap in the magnon dispersion J2jj. Second, ENS inten- 
sity Ins H3 increases below TV in a BCS-like manner, 
which may suggest that a SDW gap A also opens up in 
the AF phase, since A oc \/7V~S J\- However, this ex- 
pression strictly only applies to G-type AF phase, where 
the nearest- neighbor spins are AF- aligned as in UNiGas. 
We have shown in our previous analysis that A oc yT/vs 
is not true in the A-type AF state, where the spins are 
FM-aligned in the ab plane and AF-aligned along the c 
axis, as in UPtGas. Ins(T) from ENS merely measures 
the order parameter in the SDW phase, i.e. the stag- 
gered magnetization Mq. It strictly does not measure 
the SDW gap. Hence our results do not contradict other 
experimental results. According to the RT model, the 
lack of a gap at the FS also explains why there is no up- 
turn in t at the lowest T. Hence we have shown that 
due to a different modulation vector Q in UPtGas, a gap 
does not open up at the Fermi level, resulting in a lack 



of upturn in r at both Tn and at the lowest T. 

It is interesting to note from Fig. that the value of r 
for UPtGas is sub-ps, and is almost T-independent. This 
is commonly seen in metals |19j . where the comparable 
electron-electron (e-e) and e-ph relaxation rates results in 
the electron gas not being able to reach thermal equilib- 
rium long before e-ph energy relaxation process sets in. 
An initial non-thermal electron distribution is thus a nec- 
essary starting point to derive the T-independence and 
the sub-ps value of r. Since both UNiGas and UPtGas 
are good metals, the value of their r's in the paramag- 
netic (PM) phase, the T-independence of r of UPtGas, 
as well as their similar values of DOS in the PM phase 
(from Fig. 0J , are consistent with a non-thermal electron 
distribution immediately following photoexcitation. 

We have performed time-resolved photoinduced re- 
flectivity measurements in the SDW phase using itiner- 
ant AFMs UMGa 5 (M=Ni, Pt) as model systems. For 
UNiGas [Tn—85 K, Q=(7T,7r,7r)], the relaxation time r 
shows a sharp increase at TV consistent with the open- 
ing of a SDW gap. For UPtGa 5 [T N =26 K, Q=(0,0,tt)], 
no change in r was seen at both TV and at the lowest 
T. We attribute this to the absence of the SDW gap at 
the Fermi level, due to a different modulation vector Q, 
which leads to a gapless QP spectrum. Our analysis also 
applies to 2D materials. Our study thus extends the util- 
ity of UOS to study SDW materials, that enables us to 
sensitively probe the presence or absence of a SDW gap 
in the AF phase. 
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